The visible infrared imaging radiometer suite (VIIRS) environmental data record aerosol product (VIIRS_EDR) and the Aqua-moderate resolution imaging spectroradiometer (MYD04) collection 6 (C6) aerosol optical depth (AOD) products are validated against the Cimel sun-photometer (CE318) AOD measurements during different air quality conditions over the Yangtze river basin (YRB) from 2 May 2012 to 31 December 2016. For VIIRS_EDR, the AOD observations are obtained from the scientific data set (SDS) "aerosol optical depth at 550 nm" at 6 km resolution, and for Aqua-MODIS, the AOD observations are obtained from the SDS "image optical depth land and ocean" at 3 km (DT3K) and 10 km (DT10K) resolutions, "deep blue aerosol optical depth 550 land" at 10 km resolution (DB10K), and "AOD 550 dark target deep blue combined" at 10 km resolution (DTB10K). Results show that the high-quality (QF = 3) DTB10K performs the best against the CE318 AOD observations, along with a higher R (0.85) and more retrievals within the expected error (EE) ± (0.05 + 15%) (55%). Besides, there is a 10% overestimation, but the positive bias does not exhibit obvious seasonal variations. Similarly, the DT3K and DT10K products overestimate AOD retrievals by 23% and 15%, respectively, all over the year, but the positive biases become larger in spring and summer. For the DB10K AOD retrievals, there is an overestimation (underestimation) in autumn and winter (spring and summer). Compared to the Aqua-MODIS AOD products, the VIIRS_EDR AOD retrievals are less correlated (R = 0.73) and only 44% of the retrievals fall within EE. Meanwhile, the VIIRS_EDR shows larger bias than the Aqua-MODIS C6 retrievals, and tends to overestimate AOD retrievals in summer and underestimate in winter. Additionally, there is an underestimation for the VIIRS_EDR AOD retrievals over the regions during high aerosol loadings. These indicate that the VIIRS_EDR retrieval algorithm needs to be improved in further applications over the YRB.
Introduction
Aerosols are small suspended particles in the atmosphere of the earth, which have a significant effect on climate change, air quality, visibility and human health [1] . Especially, the particulate matter
Data and Methods

MODIS C6 Data
The Aqua-MODIS Level 2 Collection 6 (C6) aerosol products can be obtained from https://ladsweb. modaps.eosdis.nasa.gov/ since 2002. Compared to the previous Collection 5.1 (C51), the MODIS C6 aerosol products present significant improvements on the retrieval algorithm and spatial resolution [8, 14, 21] . The MODIS C6 product provides AOD observations based on two algorithms: dark target and deep blue. Generally, the dark target algorithm (DT) is suitable for the vegetated surfaces, while the enhanced C6 deep blue algorithm (DB) can retrieve AOD values over bright and vegetated land surfaces but not over oceans. Both algorithms are unsuitable for snow-covered surfaces. The details about the two retrieval algorithms were already reported in previous researches [29] [30] [31] [32] . The MODIS C6 10 km aerosol product also provides a set of DT and DB combined database (DTB). The quality flags of the MODIS AOD retrievals are classified as 0, 1, 2 and 3, for unproduced, low, medium, and high quality, respectively. Additionally, for monitoring air quality, C6 also provides AOD observations at 3 km resolution based on the DT algorithm. In this study, the Aqua-MODIS C6 DT AOD at 3 km and 10 km, DB at 10 km, and DTB AOD retrievals at 10 km for all quality flags (Table 1 ) are obtained to compare with ground-level AOD observations. 
VIIRS_EDR Data
VIIRS is the next-generation environmental sensor aboard the Suomi National Polar-Orbiting Partnership (S-NPP) satellite, which was launched in October 2011. Similar to Aqua-MODIS, the passing time of VIIRS is also approximately at the local time of 13:30. The level 2.0 aerosol VIIRS_EDR product provides AOD values for 11 wavelengths (412-2250 nm) since 2 May 2012 at www.class.noaa. gov. The VIIRS_EDR retrieval is created from 8 × 8 pixel aggregations of the intermediate product (IP) values (0.75 km), and therefore, the spatial resolution of the VIIRS_EDR AOD is about 6 km resolution at nadir. The VIIRS_EDR AOD values are retrieved for the unproduced (QF = 0), low (QF = 1), medium (QF = 2) and high (QF = 3) quality flags. Furthermore, the retrieval algorithm of the VIIRS_EDR product was analyzed in the previous studies over land and water and can be found here [6, 7, 33] . In this study, the VIIRS_EDR AOD values at 550 nm for different quality flags are obtained for the period of 2 May 2012-31 December 2016 over YRB (Table 1 ).
Ground-Based Measurements
The AERONET (aerosol robotic network) and the CARSNET (China aerosol remote sensing network) are two common ground-based aerosol networks, which retrieve aerosol optical properties by using the CIMEL sun photometer (CE318). The CE318 sun photometer performs direct solar radiation measurements at eight wavelengths ranging from 340 nm to 1020 nm, but excludes 550 nm. As reported in previous studies, the systemic bias of AERONET AOD values was about 0.01-0.02 [34] . More details about the retrieval algorithm and instrument calibration of the CE318 sun photometer can be found in [4, 5] . As shown in Table 2 and Figure 1 , in order to verify the performance of satellite AOD retrievals over theYRB, CE318 measurements are obtained for Taihu (TH), Hefei (HF) and Wuhan (WH) from 2 May 2012 to 31 December 2016, whereas for the Kunming (KM), these measurements are obtained from 2 May 2012 to 31 December 2013. All the sites are located in urban area, except TH (suburban site). 
Comparison Methods
According to previous research [18, 35] , the comparison procedures of satellite AOD retrievals against CE318 AOD observations are performed as follows. Firstly, the CE318 AOD values at 550 nm are calculated from Equations (1) and (2) .
where α refers to the Ångström exponent, β is the turbidity coefficient, λ1 and λ2 are the respective wavelengths at 440 nm and 870 nm, which are not interfered by water vapor. Secondly, the CE318 AOD values at 550 nm are collected only within ±30 min of the MODIS (aqua) and VIIRS passing time (13:30 local time). Only when at least two CE318 observations during the satellite passing time are available, then the CE318 AOD values are averaged. Thirdly, the satellite AOD retrievals are collected only within 3 × 3 pixels centered on the CE318 ground sites. That is to say, for the MODIS C6 10 km (DT, DB and DTB) products, the sampling area is 30 km × 30 km; for the MODIS C6 3 km and VIIRS_EDR (6 km) products, the sampling areas are 9 km × 9 km and 18 km × 18 km, respectively. In order to reduce the satellite retrieval errors, it is necessary that at least two pixels of satellite retrievals fall in their corresponding sampling areas. Finally, the linear regressions of the MODIS C6 and VIIRS_EDR AOD retrievals against the CE318 AOD observations are performed over the YRB during 2 May 2012-31 December 2016. The regression parameters include the slope, the y-intercept, the correlation coefficient (R) and the root mean square error (RMSE, Equation (3)). Furthermore, the uncertainty on the satellite retrieval algorithms is examined based on the expected error (EE, Figure 1 . The location of the aerosol ground sites (triangle symbol) over YRB.
where α refers to the Ångström exponent, β is the turbidity coefficient, λ 1 and λ 2 are the respective wavelengths at 440 nm and 870 nm, which are not interfered by water vapor. Secondly, the CE318 AOD values at 550 nm are collected only within ±30 min of the MODIS (Aqua) and VIIRS passing time (13:30 local time). Only when at least two CE318 observations during the satellite passing time are available, then the CE318 AOD values are averaged. Thirdly, the satellite AOD retrievals are collected only within 3 × 3 pixels centered on the CE318 ground sites. That is to say, for the MODIS C6 10 km (DT, DB and DTB) products, the sampling area is 30 km × 30 km; for the MODIS C6 3 km and VIIRS_EDR (6 km) products, the sampling areas are 9 km × 9 km and 18 km × 18 km, respectively. In order to reduce the satellite retrieval errors, it is necessary that at least two pixels of satellite retrievals fall in their corresponding sampling areas. Finally, the linear regressions of the MODIS C6 and VIIRS_EDR AOD retrievals against the CE318 AOD observations are performed over the YRB during 2 May 2012-31 December 2016. The regression parameters include the slope, the y-intercept, the correlation coefficient (R) and the root mean square error (RMSE, Equation (3)). Furthermore, the uncertainty on the satellite retrieval algorithms is examined based on the expected error (EE, Equation (4)), the mean absolute error (MAE, Equation (5)) and the relative mean bias (RMB, Equation (6)).
The value of RMB > 1 and RMB < 1 indicate over-and under-estimation in the satellite AOD observations, respectively. Figure 2 shows the comparison of the DT3K AOD and the collocated CE318 AOD at different quality flags (QF) over YRB for the period of 2 May 2012 to 31 December 2016. There are 803, 680 and 671 successful DT3K-CE318 matchups for QF > 0, QF > 1 and QF = 3, respectively. Note that QF > 0 includes AOD retrievals with all quality flags, and QF > 1 includes those of QF = 2 and QF = 3. Overall, filtering by quality flags (QF > 1), the comparison has been improved for all statistics, i.e., RMSE is decreased by 11%, the R and the percentage of retrievals within the EE are increased up to 3% and 5%, respectively. However, constraining to only high-quality flag (QF = 3) does not improve the overall agreement any further. The reason is likely that there are too few AOD retrievals (only nine points over 4.5 years) for QF = 2. These issues need to be further studied site by site. In terms of the site-by-site comparison over YRB (Table 3) , filtering by quality flags (QF > 1), the improvement can be observed at TH, HF and WH. However, for the KM site, the matchup statistics are poor, and increasing QF does not help, probably due to the very low number of samples (67-77) [28] . In Figure 2 , the correlation coefficient (R) is in the range of 0.78-0.81, along with 43-46% of DT3K AOD retrievals falling into the expected error (EE) envelope. This indicates that although the correlation is good, the DT3K still does not meet the requirements of the EE as the percentage within the EE is less than one standard deviation (i.e., 68%). Also, it has large RMB (1.23-1.28) which indicates significant overestimation in the algorithm. This overestimation is likely due to the underestimation in the estimated surface reflectance in the visible channels over urban and suburban areas [8] . Besides, obviously in Table 3 , the best performance of DT3K AOD retrievals appears at WH with all statistical metrics (R = 0.84-0.86, RMB = 1.06-1.11, MAE = 0.05-0.07 and 59-63% of retrievals within the EE). Similar comparison results at WH were also reported by [28] . Approximately 72% of the DT3K-CE318 AOD matchups fell into the EE with a high R value (0.87) and nearly 7% of the DT3K AOD retrievals (RMB = 1.07) were overestimated [28] . Figure 3 also reports the comparison results of the DT10K and CE318 AOD retrievals. A total of 1213, 942 and 823 matchups are successfully obtained for QF > 0, QF > 1 and QF = 3, respectively. The quality flag analysis results for DT10K are similar to those for the DT3K. Using higher-quality DT10K AOD retrievals lead to the better performance at the TH, HF and WH sites, but it is not suitable at the KM site (Table 4) . Besides, compared to the DT3K, the more numbers of DT10K-CE318 AOD matchups may be due to their different sampling criteria used in the AOD retrievals [36, 37] .The DT10K retrievals are well matched with ground observations by high R values (0.81-0.82), but nearly 42-55% of the DT10K AOD retrievals fall above the EE, resulting in 15-32% overestimation (RMB = 1.15-1.32) compared to the CE318 observations. From the site-by-site comparison in Table 4 , there are also 37-51%, 25-31% and 5-19% overestimations for the DT10K, respectively at TH, HF and WH. However, DT10K AOD retrievals at KM are lower than the corresponding CE318 observations by 2-17%, probably due to its low AOD values (nearly 70% of the total CE318 observations less than 0.3). Similar result was also reported by [8] Table 3 , but comparison of the DT10K AOD products. 17%, probably due to its low AOD values (nearly 70% of the total CE318 observations less than 0.3). Similar result was also reported by [8] , i.e., that the DT10K product tends to slightly underestimate AOD retrievals in the condition with low aerosol loadings (AOD < 0.3) over global land. Table 3 , but comparison of the DT10K AOD products. As shown in Figure 4 , there are 1350, 947 and 825 DB10K-CE318 matchups, respectively for QF > 0, QF > 1 and QF = 3 in a total of four sites (TH, HF, WH and KM). Similar to the DT3K and DT10k products, filtering by QF > 1, there is a significant improvement in the DB10K retrievals, i.e., the R is increased up to 12% and the RMSE is decreased by 24% and the increase of the percentage within the EE remains within 5%. However, constraining to only high-quality flag (QF = 3), the improvement does not occur. As seen in Table 5 , filtering by QF > 1, the site-by-site comparison except KM supports this recommendation (R and %EE increase and RMSE decreases with increasing QF). Besides, in Figure 4c , the good comparison of high-quality DB10K-CE318 retrievals (R = 0.84, MAE = −0.05) over the YRB is consistent with research over global land (R = 0.92, MAE = −0.01) and Southeast Asia (R = 0.88, MAE = −0.06) [30] . However, approximately 40% of the high-quality DB10K retrievals fall below the EE, leading to a 12% underestimation (RMB = 0.88) compared to the CE318 observations. For QF > 0 (Figure 4a ), the DB10K became slightly overestimated with a positive MAE (0.01), which is similar to the MAE (0.03) over global land [30] . In terms of the evaluations over individual sites of YRB (Table 5) , the DB10K tend to underestimate AOD retrievals for all quality flags except the TH site. As shown in Figure 4 , there are 1350, 947 and 825 DB10K-CE318 matchups, respectively for QF > 0, QF > 1 and QF = 3 in a total of four sites (TH, HF, WH and KM). Similar to the DT3K and DT10k products, filtering by QF > 1, there is a significant improvement in the DB10K retrievals, i.e., the R is increased up to 12% and the RMSE is decreased by 24% and the increase of the percentage within the EE remains within 5%. However, constraining to only high-quality flag (QF = 3), the improvement does not occur. As seen in Table 5 , filtering by QF > 1, the site-by-site comparison except KM supports this recommendation (R and %EE increase and RMSE decreases with increasing QF). Besides, in Figure 4c , the good comparison of high-quality DB10K-CE318 retrievals (R = 0.84, MAE = −0.05) over the YRB is consistent with research over global land (R = 0.92, MAE = −0.01) and Southeast Asia (R = 0.88, MAE = −0.06) [30] . However, approximately 40% of the high-quality DB10K retrievals fall below the EE, leading to a 12% underestimation (RMB = 0.88) compared to the CE318 observations. For QF > 0 (Figure 4a ), the DB10K became slightly overestimated with a positive MAE (0.01), which is similar to the MAE (0.03) over global land [30] . In terms of the evaluations over individual sites of YRB (Table  5) , the DB10K tend to underestimate AOD retrievals for all quality flags except the TH site. N = 972) , respectively. Obviously, with the improvement of the quality flags, the DTB10K AOD retrievals are better matched with the CE318 observations. For example, the R values increase from 0.81 to 0.85, the MAE values decrease from 0.09 to 0.07 and more AOD retrievals fall within the EE (55%). Besides, as analyzed in Section 2.1, the DTB10K AOD is a set of combined data by using the DT and DB algorithms in different surface reflectance. It can be retrieved over vegetated and bright land surfaces. For this reason, compared to other high-quality N = 972) , respectively. Obviously, with the improvement of the quality flags, the DTB10K AOD retrievals are better matched with the CE318 observations. For example, the R values increase from 0.81 to 0.85, the MAE values decrease from 0.09 to 0.07 and more AOD retrievals fall within the EE (55%). Besides, as analyzed in Section 2.1, the DTB10K AOD is a set of combined data by using the DT and DB algorithms in different surface reflectance. It can be retrieved over vegetated and bright land surfaces. For this reason, compared to other high-quality Aqua-MODIS C6 products (Figures 2c and 4c) , the high-quality DTB10K retrievals perform best, i.e., the R and the percentage within the EE (Figure 5c ) are increased up to 1-5% and 17-22%, respectively, and the RMSE is decreased by 7%. Besides, the bias is small and positive (0.05), causing an overestimation of 10%. However, larger overestimations were reported by [21] at Beijing_RADI (21%) and Beijing_CAMS (26%) sites. For the individual comparison at each site of YRB (Table 6 ), approximately 19% of the DTB10K AOD retrievals are underestimated with a negative MAE (−0.07) at KM; the best performance appears at WH. aqua-MODIS C6 products (Figures 2c and 4c) , the high-quality DTB10K retrievals perform best, i.e., the R and the percentage within the EE (Figure 5c ) are increased up to 1-5% and 17-22%, respectively, and the RMSE is decreased by 7%. Besides, the bias is small and positive (0.05), causing an overestimation of 10%. However, larger overestimations were reported by [21] at Beijing_RADI (21%) and Beijing_CAMS (26%) sites. For the individual comparison at each site of YRB (Table 6) , approximately 19% of the DTB10K AOD retrievals are underestimated with a negative MAE (−0.07) at KM; the best performance appears at WH. In Figure 6 , a total of 1606, 1401 and 1133 VIIRS_EDR-CE318 AOD retrievals successfully performed over YRB, respectively, for QF > 0, QF > 1 and QF = 3. Different from the results of quality flag analyses of the aqua-MODIS C6 AOD products, filtering by OF > 1, the VIIRS_EDR retrievals are not significantly improved for all statistical metrics. However, constraining to only high-quality flag (QF = 3), the significant improvement occurs, i.e., the R and the percentage of retrievals within the EE are increased up to 16% and 26%, respectively, and the RMSE is decreased by 24%.The same quality flag results can be found at each site over YRB (Table 7) . This indicates that the high-quality VIIRS_EDR product is recommended for aerosol application over the YRB. Besides, compared to all high-quality aqua-MODIS C6 products (Figures 2c-5c ), although the number of the high-quality VIIRS_EDR-CE318 matchups (Figure 6c ) is increased up to 16-68%, the R (0.73) and the percentage of the retrievals within the EE (44%) are decreased by 10-14% and 4-20%, respectively. The results demonstrate that the robustness of the VIIRS_EDR retrieval algorithm needs to be improved. Additionally, nearly 31% of the high-quality retrievals fall above the EE, causing 4% overestimation In Figure 6 , a total of 1606, 1401 and 1133 VIIRS_EDR-CE318 AOD retrievals successfully performed over YRB, respectively, for QF > 0, QF > 1 and QF = 3. Different from the results of quality flag analyses of the Aqua-MODIS C6 AOD products, filtering by OF > 1, the VIIRS_EDR retrievals are not significantly improved for all statistical metrics. However, constraining to only high-quality flag (QF = 3), the significant improvement occurs, i.e., the R and the percentage of retrievals within the EE are increased up to 16% and 26%, respectively, and the RMSE is decreased by 24%.The same quality flag results can be found at each site over YRB (Table 7) . This indicates that the high-quality VIIRS_EDR product is recommended for aerosol application over the YRB. Besides, compared to all high-quality Aqua-MODIS C6 products (Figure 2c, Figure 3c, Figure 4c, Figure 5c ), although the number of the high-quality VIIRS_EDR-CE318 matchups (Figure 6c ) is increased up to 16-68%, the R (0.73) and the percentage of the retrievals within the EE (44%) are decreased by 10-14% and 4-20%, respectively. The results demonstrate that the robustness of the VIIRS_EDR retrieval algorithm needs to be improved.
Results
Comparison of VIIRS and Aqua-MODIS C6 AOD vs. CE318 AOD
Additionally, nearly 31% of the high-quality retrievals fall above the EE, causing 4% overestimation compared to the CE318 observations. The bias (0.03) is consistent with previous research over East Asia (0.05) [13] , but slightly larger than that over global land (−0.01) [6] . This reason is explained in Table 7 . HF, WH and KM are all urban ground sites, so it is inappropriate to replace the surface reflectance of an individual site with the global averaged surface reflectance. In Table 7 , there is a better performance of VIIRS_EDR-CE318 retrievals at WH compared to those at the other sites, with a higher R (0.76), more retrievals within the EE (61%) and a slightly negative bias (−0.06). Similar results were also reported by [28] at WH with 52% of retrievals within the EE and an underestimation of about 5%. compared to the CE318 observations. The bias (0.03) is consistent with previous research over East Asia (0.05) [13] , but slightly larger than that over global land (−0.01) [6] . This reason is explained in Table 7 . HF, WH and KM are all urban ground sites, so it is inappropriate to replace the surface reflectance of an individual site with the global averaged surface reflectance. In Table 7 , there is a better performance of VIIRS_EDR-CE318 retrievals at WH compared to those at the other sites, with a higher R (0.76), more retrievals within the EE (61%) and a slightly negative bias (−0.06). Similar results were also reported by [28] at WH with 52% of retrievals within the EE and an underestimation of about 5%. Figure 7 shows the boxplots of the high-quality AOD biases (AOD satellite -AOD CE318 ) against the CE318 observations over YRB from 2 May 2012 to 31 December 2016. Overall, for DT3K (Figure 7a ), DT10K ( Figure 7b ) and DB10K (Figure 7c ) retrievals, the AOD biases are usually greater than zero, and become larger with an increase in CE318 AOD values. This is consistent with previous global and regional evaluations [13, 36] . In other words, the MODIS C6 DT and DTB products overestimate the AOD retrievals compared with the CE318 AOD observations over the YRB. However, there is an opposite trend for the DB10K AOD bias (Figure 7d) . Generally, the DB10K AOD retrievals tend to be underestimated at CE318 AOD < 1.0 and slightly overestimated at AOD > 1.0. As for VIIRS_EDR AOD (Figure 7e) , it matches well with CE318 AOD observations in the range of less than 1.0. But, there is an underestimation for CE318 AOD > 1.0. A similar evaluation was also analyzed at WH by [28] . Figure 7 shows the boxplots of the high-quality AOD biases (AODsatellite-AODCE318) against the CE318 observations over YRB from 2 May 2012 to 31 December 2016. Overall, for DT3K (Figure 7a ), DT10K ( Figure 7b ) and DB10K (Figure 7c ) retrievals, the AOD biases are usually greater than zero, and become larger with an increase in CE318 AOD values. This is consistent with previous global and regional evaluations [13, 36] . In other words, the MODIS C6 DT and DTB products overestimate the AOD retrievals compared with the CE318 AOD observations over the YRB. However, there is an opposite trend for the DB10K AOD bias (Figure 7d) . Generally, the DB10K AOD retrievals tend to be underestimated at CE318 AOD < 1.0 and slightly overestimated at AOD > 1.0. As for VIIRS_EDR AOD (Figure 7e) , it matches well with CE318 AOD observations in the range of less than 1.0. But, there is an underestimation for CE318 AOD > 1.0. A similar evaluation was also analyzed at WH by [28] . Figure 8 illustrates the AOD seasonal variation of the high-quality satellite retrievals and CE318 observations, respectively at TH, HF, WH and KM from 2 May 2012 to 31 December 2016. Overall, for each AOD product at every ground site, the higher AOD values appear in spring and summer than the autumn and winter. Similar findings were observed by [35] at WH and by [18] over the YRB. The reason is likely that there are frequent dust events from North China in spring and local straw burnings in summer. Besides, since the VIIRS retrieval algorithm is based on the joint heritage of the aqua-MODIS DT algorithm [6] [7] [8] , the DT10K and DT3K AOD retrievals act similarly to those of the VIIRS_EDR product for all seasons at TH, HF and WH. However, it doesn't appear at KM. The reason may be the differences of aerosol type and surface reflectance between KM and the other sites [32] . Figure 8 illustrates the AOD seasonal variation of the high-quality satellite retrievals and CE318 observations, respectively at TH, HF, WH and KM from 2 May 2012 to 31 December 2016. Overall, for each AOD product at every ground site, the higher AOD values appear in spring and summer than the autumn and winter. Similar findings were observed by [35] at WH and by [18] over the YRB. The reason is likely that there are frequent dust events from North China in spring and local straw burnings in summer. Besides, since the VIIRS retrieval algorithm is based on the joint heritage of the Aqua-MODIS DT algorithm [6] [7] [8] , the DT10K and DT3K AOD retrievals act similarly to those of the VIIRS_EDR product for all seasons at TH, HF and WH. However, it doesn't appear at KM. The reason may be the differences of aerosol type and surface reflectance between KM and the other sites [32] . In order to have a good knowledge of the influence of the seasons on the satellite retrievals, according to [32] , the daily mean aqua-MODIS C6 (DT, DB and DTB) and VIIRS_EDR retrieval biases (AODsatellite-AODCE318) have been performed over TH (Figure 9 ), HF (Figure 10 ), WH ( Figure 11 ) and KM ( Figure 12 ) for the period of 2 May 2012-31 December 2016. Notice that in order to decrease the interference of the surface reflectance, the satellite-CE318 retrieval biases are selected only during AODCE318 > 0.4.
Seasonal Variation of AOD Retrieval Bias
As illustrated in the middle and lower reaches of the YRB (TH, HF and WH), there are similar seasonal variations for the same satellite retrieval bias (Figures 1-11 ). Despite few exceptions, the aqua-MODIS C6 DT (3 km and 10 km) retrieval biases are almost positive for the whole year, and become larger in spring and summer. By contrast, the DB10K retrievals are easily underestimated in spring and summer, and overestimated in autumn and winter. Similar seasonal variations of the aqua-MODIS C6 DT and DB AOD retrievals were analyzed in Eastern China by [32] .Besides, as for the DTB10K retrievals, the positive biases do not exhibit obvious seasonal variations, and are smaller than the other MODIS C6 products. This demonstrates that the combined DTB product is more suitable for retrieving AOD values over the YRB compared to the individual DT and DB algorithms. However, the VIIRS_EDR shows larger bias than the MODIS C6 retrievals, and tends to overestimate the AOD retrievals in summer and underestimate in winter. Huang et al. [7] also reported a similar seasonal variation of the VIIRS_EDR retrieval bias over global land. The reason is somewhat attributed to the seasonal surface reflectance changes [6, 7] .
As shown in Figure 12 the seasonal variation of the VIIRS_EDR retrieval bias at KM, is similar to those in the middle and lower reaches of YRB. However, there is a notable change for aqua-MODIS C6 AOD retrievals at KM. Different from the overestimation during winter in the middle and lower reaches of YRB, the DB10K retrievals show continuously negative biases all the year round in KM. Meanwhile, the DTB10K AOD bias switches from positive at TH and HF to slightly negative at KM for the whole year. In order to have a good knowledge of the influence of the seasons on the satellite retrievals, according to [32] , the daily mean Aqua-MODIS C6 (DT, DB and DTB) and VIIRS_EDR retrieval biases (AOD satellite -AOD CE318 ) have been performed over TH (Figure 9 ), HF ( Figure 10 ), WH ( Figure 11 ) and KM ( Figure 12 ) for the period of 2 May 2012-31 December 2016. Notice that in order to decrease the interference of the surface reflectance, the satellite-CE318 retrieval biases are selected only during AOD CE318 > 0.4.
As illustrated in the middle and lower reaches of the YRB (TH, HF and WH), there are similar seasonal variations for the same satellite retrieval bias (Figures 1-11 ). Despite few exceptions, the Aqua-MODIS C6 DT (3 km and 10 km) retrieval biases are almost positive for the whole year, and become larger in spring and summer. By contrast, the DB10K retrievals are easily underestimated in spring and summer, and overestimated in autumn and winter. Similar seasonal variations of the Aqua-MODIS C6 DT and DB AOD retrievals were analyzed in Eastern China by [32] . Besides, as for the DTB10K retrievals, the positive biases do not exhibit obvious seasonal variations, and are smaller than the other MODIS C6 products. This demonstrates that the combined DTB product is more suitable for retrieving AOD values over the YRB compared to the individual DT and DB algorithms. However, the VIIRS_EDR shows larger bias than the MODIS C6 retrievals, and tends to overestimate the AOD retrievals in summer and underestimate in winter. Huang et al. [7] also reported a similar seasonal variation of the VIIRS_EDR retrieval bias over global land. The reason is somewhat attributed to the seasonal surface reflectance changes [6, 7] .
As shown in Figure 12 the seasonal variation of the VIIRS_EDR retrieval bias at KM, is similar to those in the middle and lower reaches of YRB. However, there is a notable change for Aqua-MODIS C6 AOD retrievals at KM. Different from the overestimation during winter in the middle and lower reaches of YRB, the DB10K retrievals show continuously negative biases all the year round in KM. Meanwhile, the DTB10K AOD bias switches from positive at TH and HF to slightly negative at KM for the whole year. Figure 9 , but for HF. Figure 10 . As in Figure 9 , but for HF. 
Discussion
The spatial distribution of the Aqua-MODIS C6 and VIIRS_EDR AOD retrievals (QF = 3) are performed, respectively in Figures 13 and 14 over the YRB for the period of 2 May 2012-31 December 2016. The transparent areas refer to where there are no retrievals. As clearly shown in Figures 13  and 14 , there are different missing patterns for each AOD product, probably due to their different retrieval algorithm. The Aqua-MODIS C6 DT and DTB products can retrieve AOD values over inland water with few missing data, while there are no high-quality retrievals for the DB10K and VIIRS_EDR products over inland water such as the Taihu Lake and Dongting Lake. However, over the plateau areas of the upper reaches of the YRB, the high-quality VIIRS_EDR retrievals provide better performance than all the Aqua-MODIS C6 products.
As shown in Figures 13 and 14 , there is similar spatial distribution for all the five Aqua-MODIS and VIIRS AOD products over the YRB. Generally, the high aerosol loadings (AOD > 0.8) appear in the YRD, Sichuan Basin and the middle reaches of the YRB, mainly due to the intensive industrial and urban activities. While the low values (AOD < 0.4) are usually observed in high mountains of the upper reaches of the YRB. The result is consistent with previous findings over China [17, 18] . However, over the areas of the YRB with high aerosol loadings, the VIIRS_EDR retrievals exhibit lower values than the Aqua-MODIS C6 DT and DTB products. Because the AOD retrievals of the VIIRS_EDR product are limited only in the range of 0.0-2.0, it tends to be underestimated over areas with high aerosol loadings, such as the YRD and Sichuan basin [6, 7, 13] . By contrast, over the upper reaches of the YRB with low aerosol loadings, the VIIRS_EDR product provides slightly higher AOD values. Liu et al. [6] also reported that the VIIRS_EDR retrievals were likely to be overestimated over vegetated surfaces (e.g., the upper reaches of YRB).
In Figure 14 , the DT3K retrievals exhibit slightly higher AOD values compared to those of the DT10K product, especially over the YRD and Sichuan Basin. This may be because the DT3K product has the ability to retrieve small-scale AOD values. On the contrary, the small-scale retrievals are likely smoothed by the DT10K product, due to its low spatial resolution. Furthermore, relative to the DT and DTB products, there is a notable underestimation for the DB10K retrievals, especially over the YRD, Sichuan Basin and the middle reaches of the YRB. The result is consistent with the comparison of the DB10K retrievals against CE318 observations in Figure 4 .
The spatial distribution of the aqua-MODIS C6 and VIIRS_EDR AOD retrievals (QF = 3) are performed, respectively in Figures 13 and 14 over the YRB for the period of 2 May 2012-31 December 2016. The transparent areas refer to where there are no retrievals. As clearly shown in Figures 13 and  14 , there are different missing patterns for each AOD product, probably due to their different retrieval algorithm. The aqua-MODIS C6 DT and DTB products can retrieve AOD values over inland water with few missing data, while there are no high-quality retrievals for the DB10K and VIIRS_EDR products over inland water such as the Taihu Lake and Dongting Lake. However, over the plateau areas of the upper reaches of the YRB, the high-quality VIIRS_EDR retrievals provide better performance than all the aqua-MODIS C6 products.
As shown in Figures 13 and 14 , there is similar spatial distribution for all the five aqua-MODIS and VIIRS AOD products over the YRB. Generally, the high aerosol loadings (AOD > 0.8) appear in the YRD, Sichuan Basin and the middle reaches of the YRB, mainly due to the intensive industrial and urban activities. While the low values (AOD < 0.4) are usually observed in high mountains of the upper reaches of the YRB. The result is consistent with previous findings over China [17, 18] . However, over the areas of the YRB with high aerosol loadings, the VIIRS_EDR retrievals exhibit lower values than the aqua-MODIS C6 DT and DTB products. Because the AOD retrievals of the VIIRS_EDR product are limited only in the range of 0.0-2.0, it tends to be underestimated over areas with high aerosol loadings, such as the YRD and Sichuan basin [6, 7, 13] . By contrast, over the upper reaches of the YRB with low aerosol loadings, the VIIRS_EDR product provides slightly higher AOD values. Liu et al. [6] also reported that the VIIRS_EDR retrievals were likely to be overestimated over vegetated surfaces (e.g., the upper reaches of YRB).
In Figure 14 , the DT3K retrievals exhibit slightly higher AOD values compared to those of the DT10K product, especially over the YRD and Sichuan Basin. This may be because the DT3K product has the ability to retrieve small-scale AOD values. On the contrary, the small-scale retrievals are likely smoothed by the DT10K product, due to its low spatial resolution. Furthermore, relative to the DT and DTB products, there is a notable underestimation for the DB10K retrievals, especially over the YRD, Sichuan Basin and the middle reaches of the YRB. The result is consistent with the comparison of the DB10K retrievals against CE318 observations in Figure 4 . 
Figure2. As in Figure1
, but for the aqua-MODIS C6 AOD products. Figure 14 . As in Figure 13 , but for the Aqua-MODIS C6 AOD products.
Conclusions
In this study, a comparison of the Aqua-MODIS C6 and VIIRS_EDR AOD products against the CE318 AOD observations was performed during different air quality situations over the YRB for the period of 2 May 2012-31 December 2016. The conclusions are shown as follows.
Apart from some exception at KM, quality flag analyses demonstrated that the high-quality (QF = 3) MODIS C6 and VIIRS_EDR AOD products are recommended for the whole YRB. The best performance was for the high-quality DTB10K AOD product, along with a higher R (0.85) and more retrievals within the EE (55%). However, compared to the Aqua-MODIS C6 AOD products, although there were more matchups, the high-quality VIIRS_EDR AOD retrievals exhibited poor agreement with the CE318 AOD observations (R = 0.73). This result demonstrated that the retrieval algorithm of the VIIRS_EDR AOD product needs to be further improved.
Generally, both DT3K and DT10K AOD products (QF = 3) tend to overestimate the AOD values, respectively with mean overestimations of 23% and 15% over the YRB. The overestimations became larger in spring and summer, probably due to higher aerosol loadings appearing in these seasons. For the DTB AOD product (QF = 3), there was also a slight overestimation of 10% but the positive bias did not exhibit obvious seasonal variations. On the contrary, the DB10K AOD product (QF = 3) showed mean underestimation of 12% over the YRB, but there was a slight overestimation during AOD CE318 > 1.0. The seasonal variation analyses exhibited that there was an underestimation (overestimation) in spring and summer (winter and autumn) for the DB product. Different from the MODIS C6 AOD products, the VIIRS_EDR AOD retrievals (QF = 3) exhibited positive biases in summer and negative biases in winter, along with a mean overestimation of 4% over the YRB.
There were similar AOD spatial distributions for all the Aqua-MODIS C6 and VIIRS_EDR products. The high AOD values appeared in the YRD, Sichuan basin and the middle reaches of the YRB, while the low AOD values were observed in high mountains over the upper reaches of the YRB. However, over the regions with high aerosol loadings, the VIIRS_EDR AOD product retrieved lower AOD values than the DT and DTB products. Meanwhile, the VIIRS_EDR product had no capacity of retrieving AOD values over inland lakes, but it had a better performance than the Aqua-MODIS C6 products in the Tibet plateau.
